The phospholipid class and molecular species compositions of bacteriophage phi6 and its host Pseudomonas syringae were determined quantitatively using TLC and liquid-chromatography/electrospray ionization mass-spectrometry. In addition, the fatty acid compositions of the phospholipids were analyzed by gas-chromatography/mass-spectrometry. The phage contained significantly more phosphatidylglycerol (PG) and less phosphatidylethanolamine (PE) than the host cytoplasmic (CM) and outer (OM) membranes. In addition, the phospholipid molecular species composition of the viral membrane differed from those of the host membranes, but resembled that of CM more than OM as shown by principal component analysis (PCA). The membrane of phi6 contained more 34:1 and 34:2, and less 32:1 PE and PG molecular species than the host CM or OM. Also, phi6 contained negligible amounts of saturated phospholipid molecular species. These data provide the first biochemical evidence suggesting that phi6 obtains its lipids from the CM. This process is not unselective, but certain phospholipid species are preferentially incorporated in the phage membrane. Common factors leading to similar enrichment of PG in every membranecontaining bacterial virus system studied so far (phi6, PM2, PRD1, PR4, Bam35) are discussed.
Introduction
A variety of viruses contain a lipid membrane that is located either externally, as in members of Cystoviridae, Hepadnaviridae, Retroviridae, Coronaviridae, Rhabdoviridae, Paramyxoviridae, and Orthomyxoviridae (van Regenmortel, 2000,http://www.ncbi.nlm.nih.gov/ICTV/), or internally, that is, underneath a protein coat, as in members of Tectiviridae, Corticoviridae, Phycodnaviridae, and Iridoviridae. It is unclear how the internal or external membranes of bacteriophages are assembled during the maturation process. In the case of phages with an external membrane, such as phi6, it appears that the nucleocapsid becomes surrounded by a lipid envelope within the cell cytoplasm (Mindich and Bamford, 1988) . However, the mechanism of such putative envelopment and the origin of the phage lipids remain obscure.
Bacteriophage phi6, the type organism of the Cystoviridae family, is a dsRNA virus with an external membrane. Phi6 infects Pseudomonas syringae pathovars (Vidaver et al., 1973) . The structure of phi6 ( Fig. 1 ) and the assembly of its nucleocapsid have been studied extensively as summarized elsewhere (de Haas et al., 1999; Mindich, 2004; Poranen and Tuma, 2004; Poranen et al., 2001) . Interestingly, the capsid functions of this bacterial virus have many parallels to those found for members of the Reoviridae family infecting eukaryotic hosts (Bamford et al., 2002) .
The integral membrane proteins of phi6 are inserted in the host cytoplasmic membrane (CM) and then somehow combine, together with membrane lipids, with the nucleocapsids synthesized in the cytoplasm (Bamford and Mindich, 1980) . The envelopment of the nucleocapsid requires the presence of active viral nonstructural protein P12 and major viral membrane protein P9, but not of the other membrane proteins (Johnson and Mindich, 1994; Mindich and Lehman, 1983) . Interestingly, the expression of genes encoding proteins P9 and P12 alone in the host leads to the formation of membrane vesicles similar to those present in phi6-infected cells (Stitt and Mindich, 1983) . These findings imply that P9/P12 drives vesiculation of the host membranes and the resulting vesicles then combine with the nucleocapsid (Johnson and Mindich, 1994) . However, these findings do not exclude alternative models of phi6 membrane assembly (Stitt and Mindich, 1983 ). One such model suggests that phi6 nucleocapsids enter invaginations of host CM rich in P9 and other viral membrane proteins. The mature virions could then be released by the pinch-off action of P12, as it was observed that enveloped phi6 particles remain associated with the host CM when protein P12 is not produced (Bamford, 1980) . Sands (1973) determined the phospholipid composition of purified phi6 and found that it was significantly enriched in phosphatidylglycerol (PG) as compared to total host membranes. Based on this and other data (Sands and Lowlicht, 1976) , it was proposed that this enrichment was due to increased PG synthesis upon infection. However, data obtained with other bacteriophages indicate that alternative interpretations are possible (Diedrich and Cota-Robles, 1976; Muller and Cronan, 1983) . Albeit the morphological data available imply that the phi6 membrane lipids derive from the host CM, biochemical data supporting this are lacking. Also, the reason for the enrichment of PG in the phi6 membrane is unclear, as is the issue whether specific PG, phosphatidylethanolamine (PE), or cardiolipin (CL) molecular species are enriched in the phage membrane. To answer these questions, we have carried out a detailed study on the phospholipid composition of purified host CM and outer membrane (OM) as well as of the purified phi6 virions. A recently introduced, high-resolution method, that is, quantitative liquid chromatography-electrospray ionization mass spectrometry (LC-ESI-MS), was used to obtain this information. The results show that the PG content of the phage membrane is significantly higher than that of either the CM or OM of the host. The molecular species composition of the phi6 membrane resembles more to that of CM than OM, thus supporting the morphological data indicating that the phi6 phospholipids are derived from the CM of the host.
Results
Separation of the cytoplasmic and outer membranes of P. syringae
The cytoplasmic (CM) and outer (OM) membranes of P. syringae were isolated by using flotation density gradient centrifugation as described in Materials and methods. Two major light-scattering bands were observed in the gradient after centrifugation ( Fig. 2A) . The densities of the upper and lower bands were 1.18 F 0.02 and 1.24 F 0.02 g/ cm 3 , respectively. These values are very similar to those previously reported for the CM and OM of other Gramnegative bacteria, such as Pseudomonas BAL-31 (Diedrich and Cota-Robles, 1974) , Salmonella typhimurium (Osborn et al., 1972) , and Escherichia coli (Ishinaga et al., 1979) . Consistent with earlier studies on E. coli and S. typhimurium (Kadner, 1996; Nikaido, 1996) , the putative CM fractions had higher protein concentration than the OM fractions ( Fig. 2B ). An OM marker of Gram-negative bacteria, 2-keto-3-deoxyoctonate (KDO), was detected in the putative OM fraction (approximately 30 Ag/mg protein), but neither in the CM fraction nor in the purified phi6 (data not shown). SDS-PAGE analysis showed negligible amount Fig. 1 . Schematic presentation of the phi6 bacteriophage. The phi6 particle consists of a procapsid composed of proteins P1, P2, P4, and P7, as well as the three segments of the dsRNA viral genome. The procapsid and a shell of proteins P8 and P5 form the nucleocapsid. A phospholipid bilayer containing membrane proteins P9, P10, P13, P6, and P3 form the outermost layer of the particle. of CM proteins in the OM fractions and vice versa (data not shown). These data indicate that CM and OM fractions were of high purity.
Phospholipid class compositions
The phospholipid class compositions of phi6 and CM and OM of the HB10Y host were determined by thinlayer chromatography (TLC; Fig. 3 ). Quantitative LC-ESI-MS analysis provided similar results (data not shown). OM contained approximately 85% PE, 10% PG, and 5% CL, while the correspondent values for CM were approximately 81%, 16%, and 3%, respectively. Albeit these compositions appear to be quite similar, statistical analysis (see legend to Fig. 3 ) indicated that CM contained significantly more PG and less CL than OM, respectively. This has also been observed for other Gram-negative bacteria (Ishinaga et al., 1979; Osborn et al., 1972) . Analysis of phi6 phospholipids showed that it contained less PE (approximately 58%) and much more PG (approximately 38%) than either CM or OM, while the CL content (approximately 4%) was similar to those of the host membranes. Overall, the phospholipid class composition of phi6 was more similar to that of CM than OM ( Fig. 3) .
To exclude that the enrichment of PG/depletion of PE in the phi6 particles is due to an increased PG to PE ratio in the host membranes during infection as suggested by previous studies (Sands and Lowlicht, 1976) , we determined the phospholipid composition of total membranes during and after phage production as detailed under Materials and methods. As can be seen in Fig. 4 , the PG/PE ratio was essentially constant during the period of virus maturation (i.e., 0-100 min after infection), and it did not deviate from that of uninfected culture (not shown). Thus, the higher PG/ PE ratio in the phage particle (as compared to uninfected host) cannot be due to altered phospholipid composition of the host membranes induced by the infection, but rather due to physicochemical factors, for example, optimal packing of phospholipid molecules and their interactions with integral membrane proteins (see Discussion). The increase of PG/PE ratio at the end of lysis ( Fig. 4) is probably due to activation of PE-specific host OM phospholipase (Cronan and Vagelos, 1972) as previously suggested for PR4 (Muller and Cronan, 1983 ) and PM2 (Diedrich and Cota-Robles, 1976) systems.
Phospholipid molecular species and fatty acid compositions
We next determined whether certain host phospholipid molecular species are preferentially incorporated into the phi6 membrane. ESI-MS/MS and LC-ESI-MS were used to identify and quantify phospholipid molecular species of phi6 as well as CM and OM of the host. Comparison of the host membranes showed that CM tended to contain slightly more 34:2 and 34:1 PE and PG molecular species than OM ( Fig. 5 ), although significant difference was observed only in PE 34:2 species. In contrast, the 32:1 PE and PG species tended to be slightly more abundant in OM than in CM. The PE and PG molecular species compositions of phi6 were more similar to those of CM, as it contained even more 34:2 PE and 34:1 PG, and less 32:1 PG molecular species than the CM (Fig. 5 ). Notably, phi6 contained negligible amounts of saturated phospholipid molecular species that could relate to the lipid shape effects (see Discussion). In all studied membranes, the CL molecular species composition was similar, the main species being Fig. 3 . The phospholipid class compositions of phi6 and CM and OM of the host. The compositions were determined by TLC and phosphate assay as indicated in Materials and methods. Error bars equal standard deviation (n = 7 for phi6 and 4 for CM and OM). Student's t test showed statistically significant (with 95% probability) differences in the PE and PG content between phi6 and CM as well as between phi6 and OM. The proportions of PG and CL between CM and OM were also significantly different. Fig. 4 . Effect of phi6 infection on the PG/PE ratio of total membranes. The cells in logarithmic growth phase were infected with phi6, and phospholipid class composition of the total mixture (i.e., the cells and the phage) was determined as described in Materials and methods. The time of infection is indicated by an arrow. Virions are formed by 80 min postinfection (Bamford et al., 1976) indicated by the horizontal bar. Error bars equal the deviation from the mean (n = 2). 64:3, 64:2, 66:3, 66:2, 68:4, and 68:3 ( Fig. 5 ). CL molecular species composition seems to reflect that of PG, which is not unexpected because in Gram-negative bacteria CL is synthesized from two PG molecules (Hirschberg and Kennedy, 1972; Tunaitis and Cronan, 1973) .
We also analyzed the fatty acids of phi6, CM, and OM phospholipids by GC-MS to obtain additional structural information, such as the double bond position. The fatty acid compositions of all membranes were quite similar, the major species being 16:0, c9-16:1 (16C-chain with one cis-D9 double bond), and c11-18:1 (Fig. 6 ), consistent with previous data (Vidaver et al., 1973) . Statistical analyses indicated that c11-18:1 was more abundant and 16:0 less abundant in phi6 as compared to the host membranes. There were no significant differences between CM and OM of the host.
Principal component analysis
To compare more objectively the phospholipid composition of phi6 with those of CM and OM of its host, principal component analyses (PCAs) were performed on the molecular species data in Fig. 5 . A PCA bi-plot for the major PE and PG molecular species shows that the composition of host CM is somewhat different from that of OM (Fig. 7) . The phospholipid molecular species composition of phi6 membrane appears to be different from either of the host membranes, but is more similar to that of CM than OM in terms of the proportions of eight major phospholipid molecular species ( Fig. 7) , thus supporting the view that the components of the phage membrane are derived from the CM.
This study indicates that PCA of phospholipid molecular species could provide more powerful methods for the Fig. 5 . PE, PG, and CL molecular species profiles for phi6, CM, and OM of the HB10Y host. The species were quantified by LC-ESI-MS as described in Materials and methods. The main fatty acid residues in each PE and PG species, identified by ESI-MS/MS, are also indicated. Molecular species that did not reach 1 mol% of the total in a class in each membrane are excluded from the graph. Error bars equal standard deviation (n = 3). Statistical significant differences (with 95% probability) according to the Student's t distribution test: '' + '' (phi6 vs. CM), ''o'' (CM vs. OM), ''*'' (phi6 vs. OM). Notably, the difference between phi6 and CM in the proportion of 32:1 PE was almost statistically significant (94.4% probability). The large standard deviation in case of CL is due to its low relative concentration in the samples and particularly due to its low ionization efficiency. identification of lipid-containing bacteriophages and their hosts than the previously used PCA of fatty acids (Dykes et al., 1995; Jantzen et al., 1993; Peltroche-Llacsahuanga et al., 2000) .
Discussion
In this study, we determined the phospholipid composition of bacteriophage phi6 and compared it with those of CM and OM of its host P. syringae. TLC analysis showed that the membrane of phi6 contains relatively more PG (approximately 38%) than either CM (approximately 16%) or OM (approximately 10%) of its host. However, this enrichment of PG in phi6 was much less than previously reported (Sands, 1973) . This discrepancy might be due to different experimental conditions (i.e., cells in stationary growth phase as indicated by their high CL content) of phage production in that study. In addition, the particular extraction protocols used by Sands might have caused some lipid degradation (see Davis et al., 1982) . Notably, our TLC data were supported by quantitative MS studies providing closely similar results with both methods.
Interestingly, the PG/PE ratio of the phi6-specific lipid vesicles (0.45 -0.55), which are produced in phi6-infected cells when proteins P9 and P12 are synthesized (Stitt and Mindich, 1983) , was very similar to that found here for phi6 (approximately 0.6). This is in line with the idea that these lipid vesicles are precursors of the phi6 membrane as originally proposed by Stitt and Mindich (1983) .
The most notable difference between the phi6 membrane and CM phospholipid compositions is the much higher PG content of the former. In fact, PG enrichment seems to be a general phenomenon among lipid-containing bacteriophages because it has also been observed for bacteriophages PR4, PRD1, and Bam35c, members of the Tectiviridae family (Davis et al., 1982; Laurinavičius et al., 2004) , and for PM2 (a corticovirus, Braunstein and Franklin, 1971 ). In addition, PR4 grown in various E. coli mutants defective in phospholipid metabolism contained approximately 2.3 times more PG than the respective host strain despite major variations in host phospholipid compositions (Muller and Cronan, 1983) . Several factors, discussed below, could contribute to such enrichment of PG in phage membranes.
Effective shape of phospholipids
The viral membrane is much more curved than the host membrane due to the small size of the virus. The curvature in the outer leaflet is positive, while that of the inner leaflet is negative. Accordingly, lipids with an effective shape of a cone or a cylinder are preferred for the outer leaflet, while those with a shape of an inverted cone are preferred for the inner leaflet. Unsaturated PG and PE have an effective shape of a cylinder and an inverted cone, respectively (Israelachvili et al., 1980) . Thus, one would expect PG to enrich to the outer leaflet and being depleted from the inner leaflet of the phage membrane, while the opposite would be true for PE. Assuming that these tendencies are quantitatively similar for PG and PE, overall enrichment of PG and depletion of PE in the phage would occur because the area of the outer leaflet of its membrane is approximately 40% larger than that of the inner leaflet, as calculated from the diameter of the phi6 membrane (approximately 70 nm, Kenney et al., 1992) . 
Coulombic repulsion between negatively charged lipids
PG and other negatively charged lipids (e.g., CL) repel each other due to Coulombic forces. In the outer leaflet of the phage membrane, the repulsion between PG molecules should be less than in the parent membrane with the same PG mole fraction because of the positive curvature of this leaflet (Israelachvili, 1973) . Simultaneously, depletion of PG from the inner leaflet should take place, as Coulombic repulsion between PG head-groups in this highly negatively curved leaflet would be much stronger than in the parent membrane (Israelachvili, 1973) . The net effect would be overall enrichment of PG in the phage due to the significantly larger area of the outer leaflet of its membrane. This interpretation is supported by the finding that bacteriophages with a smaller membrane diameter (i.e., relatively larger area of the outer membrane leaflet, where PG is enriched) have a higher PG/PE ratio (e.g., PM2 and PRD1) than those with a larger diameter (e.g., phi6) because this effect becomes stronger with increasing membrane curvature (Israelachvili, 1973) . According to a rough estimation, such Coulombic repulsion could result in approximately 20% enrichment of PG in the phi6 membrane. Albeit such membrane phospholipid asymmetry (driven by phospholipid shape and electrostatic repulsion) has not yet been demonstrated for the phi6 membrane, it has been reported for bacteriophage PM2 (Schäfer et al., 1974) and has been recently proposed for PRD1 based on the electron density map of its membrane (Cockburn et al., submitted for publication). The charge imbalance created by unequal distribution of charged phospholipids across the viral membrane could be stabilized by lipid -protein and lipid -DNA interactions observed previously for PR4 (Davis and Cronan, 1985) and PRD1 (Cockburn et al., submitted for publication), and suggested for PM2 (Huiskonen et al., in press; Schäfer et al., 1974) .
Lipid -protein interactions
Attractive Coulombic interactions of negatively charged PG molecules with proximal positively charged amino acid residues in phage integral membrane proteins could also result in the enrichment of PG to the viral membrane, provided that the protein density of the phage membrane is higher than that of the parent membrane or the phage proteins have a higher affinity for PG than the host proteins. Early studies on phi6 mutants (Mindich et al., 1976) imply that viral proteins may preferentially bind certain lipids thus affecting the phospholipid composition. Such lipid -protein interactions could also explain why two different bacteriophages (PRD1 and PM2) with approximately the same membrane diameter have quite different PG/PE ratios (0.84 and approximately 2, respectively) although the PG/PE ratio in their hosts is very similar, that is, approximately 0.25 (Diedrich and Cota-Robles, 1974; Laurinavičius et al., 2004) .
Asymmetric distribution of lipids in the host membrane
PG would also be enriched in the phage membrane if (i) PG is unevenly distributed over the parent membrane and if (ii) the outer surface of the phage bilayer would derive from the parent membrane leaflet with the higher PG content, because, as discussed above, the outer leaflet has significantly large area than the inner one. At present, the distribution of phospholipids over CM of P. syringae is not known, but will be studied in the future to test this hypothesis.
Virus-induced synthesis or degradation of phospholipids
The content of PG could be increased if the phi6 infection elevated the level of PG synthesis as was suggested previously (Sands and Lowlicht, 1976) . Similar ''enrichment'' would also happen upon virus-induced acceleration of PE breakdown. However, this alternative was excluded in the present study by showing that the PG/PE ratio of the total membranes does not change during the maturation of phi6 virions (up to 100 min postinfection) and increases only when cells are lysed (Fig. 4) . Parallel results were obtained in studies on bacteriophages PM2 (Diedrich and Cota-Robles, 1976 ) and PR4 (Muller and Cronan, 1983) showing increased degradation of PE upon cell lysis.
In addition to the class composition, the phospholipid molecular species composition of phi6 was somewhat different from either of the host membranes as it contained more 34:2, 34:1, less 32:1, and negligible amounts of saturated PE and PG molecular species. Nevertheless, principal component analysis showed that the PE and PG molecular species profiles of phi6 were more similar to those of the host CM than OM. These findings support the earlier morphological data indicating that lipids of phi6 are derived from CM. However, the clear separation of phi6 and CM in the PCA bi-plot indicates that the CM molecular species are not randomly incorporated to the phi6 membrane, but some selection takes place. This selection could be based on preferential interaction of viral membrane proteins with certain phospholipid molecular species or could be set by general packing constraints (such as membrane thickness, degree of membrane curvature, etc.) in the viral membrane.
In conclusion, the detailed quantitative lipid analysis carried out here helped to reinterpret previously obtained data on phi6 membrane biogenesis as well as lays a basis for studies of the asymmetrical distribution of the viral phospholipid molecular species.
Materials and methods

Chemicals
Di-14:1, di-20:1, and di-22:1 phosphatidylcholine (PC) and tetra-14:0 and tetra-18:1 cardiolipin (CL) were purchased from Avanti Polar Lipids, while di-14:1, di-20:1, and di-22:1 phosphatidylethanolamines (PE), di-14:1 and di-20:1 phosphatidylglycerol (PG) were synthesized using phospholipase D (Streptomyces sp., Sigma)-mediated transphosphatidylation from the corresponding PC species (Käkelä et al., 2003) . Lysozyme was obtained from Boehringer Mannheim. DNase 1, Tris-base, phospholipase D, periodic acid, 2-thiobarbituric acid, standard phosphorus solution, and 2-keto-3-deoxyoctonate (KDO) were from Sigma, RNase A from Roche, sucrose was from BDH Laboratory Supplies, triethylamine from Aldrich, and ascorbic acid from J.T. Baker. Sodium meta-arsenite was purchased from Fluka. Ammonia, acetic acid, sulfuric acid, formic acid, potassium chloride, sodium chloride, ammonium sulphate, and hydrochloric acid were from Riedel-de Häen. Other chemicals were from Merck. All solvents used were of HPLC grade and other chemical reagents of analytical grade.
Viruses and bacteria
Wild-type phi6 and its host P. syringae pv. phaseolicola HB10Y were originally obtained from Vidaver et al. (1973) . Viruses were produced in bacteria grown in rich culture medium as previously described (Bamford et al., 1995) . Bacteriophage particles from the supernatant of the lysed culture were purified using polyethylene glycol precipitation and rate zonal and equilibrium centrifugations. The purified viral particles were collected by differential centrifugation (Bamford et al., 1995) .
Preparation of membranes from P. syringae P. syringae pv. phaseolicola HB10Y was grown in LB (Sambrook and Russell, 2000) with aeration at 28 jC to stationary phase, after which they were diluted 1:10 in LB and incubated with aeration at 28 jC to reach the cell density used for virus infection (5 Â 10 8 CFU/ml). The cells were harvested (SLA 3000, 7000 rpm for 20 min at 4 jC), the pellet washed twice with buffer A (10 mM Tris -HCl, pH 7.4) and suspended in 4 ml of buffer A. The cells were treated with lysozyme, RNase, and DNase (0.2 mg/ml each), and disrupted (500 -850 atm) by two passages through a precooled French Pressure Cell (SLM Instruments, Inc.). After the cell debris was removed by centrifugation, KCl was added to the final concentration 0.2 M and the total membrane fraction was collected by centrifugation (Beckman 50Ti rotor, 35 000 rpm, 10 h, 4 jC) and suspended to 1 ml of buffer A.
The CM and OM of P. syringae were separated using floatation gradient centrifugation essentially as recently described (Laurinavičius et al., 2004) , except that EDTA was not added in any step of the separation (Hancock and Nikaido, 1978) , because CM and OM were less well separated in its presence. The gradient fractions were collected with Piston Gradient Fractionator (BioComp), and protein concentration, 2-keto-3-deoxyoctonate (KDO) content, re-fractive index, and light scattering were determined. The CM and OM pools were diluted 3 -5 times with buffer A and collected by centrifugation (Beckman 50Ti, 35 000 rpm, 4 jC, 10 h). The pellets were suspended in 0.5 ml of buffer A and stored at À 20 jC until the phospholipids were extracted.
Phospholipid synthesis during phi6 infection
HB10Y host was grown and phi6 infection was carried out as described above. Aliquots (8 ml) of the infected cell culture were taken at various time points of infection. Uninfected culture was kept as control. Intact cells, remnants of cellular membranes, and mature phi6 virions were collected by centrifugation (Beckman 50 Ti, 35 000 rpm, 4 jC, 2 h) and resuspended in buffer A.
Lipid extraction and class distribution determination
Lipids from intact viruses and isolated bacterial membranes were extracted according to a standard protocol (Folch et al., 1957) and stored in chloroform/methanol (9:1, v/v) at À 20 jC. TLC was carried out on Silica Gel 60 plates (Merck) using chloroform/methanol/acetic acid (65:25:10, v/v, Kamio and Takahashi, 1980) as eluent. The lipid bands were visualized with iodine vapor, scraped from the plate, and their phosphorus content was determined (Kahma et al., 1976) .
Mass spectrometric analysis of phospholipids
LC-ESI-MS and ESI-MS/MS analyses were carried out essentially as described before (Käkelä et al., 2003; Koivusalo et al., 2001; Laurinavičius et al., 2004) , and the spectra were corrected for the effects of acyl chain length on instrument response according to previously published procedures (Koivusalo et al., 2001) . Head-group-specific ESI-MS/MS precursor ion analyses were used to identify the different PE and PG species. Scanning for the neutral loss of 141 in the positive ion mode allows specific detection of the PE species (Brugger et al., 1997; Kerwin et al., 1994) , while scanning for precursors of 171 in the negative ion mode allows specific detection of the PG species (Hsu and Turk, 2001) . The identity of each PE and PG species was confirmed using ESI-MS/MS product ion scans (Hsu and Turk, 2000) . Quantification of the molecular species compositions was accomplished by using LC-ESI-MS. The lipid extracts were spiked with a cocktail of internal standards consisting of di-14:1, di-20:1, and di-22:1 PE, di-14:1, and di-20:1 PG as well as tetra-14:0 and tetra-18:1 CL and then analyzed as described (Käkelä et al., 2003; Laurinavičius et al., 2004) .
Gas -liquid chromatographic analysis of fatty acid methyl esters
Aliquots of the viral or bacterial lipid extracts were evaporated under nitrogen and transmethylated in 1% H 2 SO 4 in methanol for 90 min at 95 jC. The fatty acid methyl esters were then extracted into hexane and analyzed by a gas -liquid chromatograph using DB-wax capillary column (30 m, ID 0.25 mm, film 0.25 Am, J and W Scientific, USA) using both flame ionization and mass detection (6890N network GC with FID and 5973 MSD, Agilent, USA). The identification of fatty acids was based on the comparison of their retention times and mass spectra with those of authentic (Sigma) and natural standards of known composition and published reference spectra (Christie W.W., http:// www. lipid.co.uk/infores/masspec.html). The FID responses were corrected according to Ackman (1991) and subsequently the fatty acid compositions were calculated as molar %.
Multivariate analyses of lipid compositions
To assess the similarity of viral and bacterial membranes, the phospholipid compositional data were subjected to multivariate principal component analysis (PCA) using SIRIUS 6.5 software package (Pattern Recognition Systems Ltd., Bergen, Norway, Kvalheim and Karstang, 1987) . The molar proportions were logarithmically transformed and the deviations standardized to prevent the major components from dominating the analysis. In PCA, the number of variables was reduced to N À 1 major phospholipid molecular species (N is the number of samples). In PCA bi-plot (Fig. 7) , the relative positions of the samples and variables were displayed by projecting them on a plane defined by two new coordinates, that is, the principal components PC 1 and PC 2 representing the largest and second largest variance among the samples and variables, respectively.
Other methods
The Coomassie brilliant blue method (Bradford, 1976) was used to determine the protein concentration using BSA as the standard. SDS-PAGE (16% acrylamide) analysis of the protein composition was carried out as detailed previously (Olkkonen and Bamford, 1989) and KDO content was determined by thiobarbituric acid assay (Keleti and Lederer, 1974) . Light scattering of the gradient fractions was measured by a PDI 2020 detector (Precision Detectors, Inc.).
